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Abstract

The effect of thermal treatments on the magnetic behavior in negative (and nearly-zero)
magnetostriction glass-coated amorphous microwires has been investigated. It has been shown
that the magnetic properties of CoMnBSi microwires undergo significant changes during
annealing both at low and high temperatures. The effect of the amorphous—nanocrystaline
structure transformation has been discussed. The processes that lead to changes in the magnetic
characteristics are associated with the homogenization of residual stress at a low annealing
temperature and with the short-range order atomic structure relaxation at a high annealing
temperature.

1. Introduction

The magnetic properties of cast glass-coated amorphous and nanocrystalline microwires
(CGCANMWS) have been reviewed in [1-6]. Microwires were prepared of Co, Mn, B, and Si by
the Ulitovsky—Taylor method. Magnetic microwires exhibit a large variety of magnetic
behaviours; this feature is important for sensing applications. Depending on the chemical
composition of the metallic core, the microwires based on Co, Fe, and Ni composites have
different properties.

The geometrical characteristics (metallic core diameter and glass thickness) of the
microwire depend on the physical properties of the metallic composite and the glass, the
parameters of the heating inductor, and the drawing speed of the microwire. The diameter of the
metallic core in these microwires can range from 0.5 to 70 um; the glass thickness can vary from
1to 50 pm.

(CoMn);5(BSi),s  cast amorphous glass-coated microwires are well known [1, 2].
Microwires with a wide range of anisotropy field values (Hy) of 20-1500 A/m and coercivity
(Hc) of 1-20 A/m were prepared of this alloy. The magnetic characteristics of Co-based cast
amorphous glass-coated microwires (with a negative magnetostriction constant) were studied.
The residual stress distributions in this type of microwires determine the domain structures of
cast amorphous and nanocrystalline microwires.
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2. Magnetization Loops of Amorphous Microwires with Negative Magnetostriction

It is known that cast amorphous microwires with negative magnetostriction exhibit a
nonrectangular hysteresis loop (see Fig. 1).

Anisotropy Hy and coercive forces H; can be controlled by both residual and external
mechanical stresses (see below).

M

Fig. 1. Scheme of hysteresis loops of amorphous microwires with negative magnetostriction.
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Fig. 2. Magnetic domain structure for CGCANMWSs with negative magnetostriction
(As < 0), according to [3, 4], with the main domains oriented along the microwire radius
(rouleau). There should be closure domains at the CGCANMW surface, while the walls of
the main domains at the CGCANMW center are blurred and a rod is formed with
longitudinal magnetization M, and sizes ~AY3/M; ~ 0.1-0.01 um (A is the exchange
constant).

It was found that the domain structure of the Co-based cast amorphous microwire consists
of orthogonal to Z domains. This result was used in [3, 4] to determine the domain structure of
CGCANMWs in the case of A; < 0. For CGCANMWSs with As < 0, we obtain a result that is in
contrast with the domain structure assumed, e.g., by the authors of [6] (and by some other
authors), i.e., the so-called “Bamboo” magnetic domain structure. (We justify the possibility of a
Bamboo-type structure, in particular, in microwires manufactured by Unitika technology in [6].)
The domain structure depicted in Fig. 2 is referred to as a rouleau.
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3. Experimental Setup for Measuring Magnetic Properties

A setup for measuring magnetic loops has been developed. The magnetic loops of sample
(1) were measured by the standard induction method (Fig. 3).

Fig. 3. Schematic circuit of a setup for hysteresis loop measurements (see text for notation).

Pickup (2) and compensating (3) coils were placed symmetrically in magnetizing coil (4)
(connected to linear-sweep magnetic field power supply (5)). The analog differential signal from
the pickup coil (after compensation in switching unit (6)) was digitized and integrated in unit (Z)
to the shape of the integral hysteresis curve. The correctness of the integration process was
verified with known reference specimens. The axial M—H, hysteresis loops were measured by
means of a conventional induction method at 50 Hz.

The CGCANMW with negative magnetostriction exhibits a nonrectangular hysteresis
loop (see Fig. 4).
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Fig. 4. Dependence of hysteresis loops of amorphous microwires with negative
magnetostriction on the external mechanical stress (residual stresses are constant).
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Anisotropy Hy of it can be controlled by both residual and external mechanical stresses
[1-5]:
H, ~ Ao

where o ~ o, + 0, Oext IS the external mechanical stress, Oyes is the residual stress.

1)

4. Residual Stresses in Microwires

In cylindrical coordinates, the residual stresses are characterized by the axial, radial, and
tangential components which, to a first approximation, do not depend on radial coordinate

r [3-5].
(A) In the first case, where r ~ Ry
kX K, +1)X + 2 2
arza(p:P:O'oﬁ,GZ:P—(l ) ,X=(&j -1, )
B N [ PV k1X +1 Rm
3 3
where Ry, is the metallic core radius of the microwire; R; is the total radius of the microwire;
O-O = 8Ym ! (3)
where Yp is the Young’s modulus of metal and Y is the Young’s modulus of glass:
k. =Y, /Y, @

£=(ap—a)(T-T").
where oy, and og are the thermal expansion coefficients of the metal and glass, respectively; T~ is
the effective solidification temperature of the composite microwire (when both the metallic core
and the glass coating are solidified), and T is the experimental temperature.

A more accurate model used for residual stresses at the microwires is provided below.

The metallic strand preserves the liquid state from the strand axis up to a certain internal
radius b (parameter b has a certain value depending on the defined metallic alloy composition and
cooling rate), while from b up to Ry, where only elastic residual stresses occur, the metallic core
freezes earlier.

(B) So, at b < r < Ry, this model gives [3, 4]:

b\’ b)?
o~ P{l_(F] } Oy ™ F{“(FJ } o, #V(T, +Tyy), (%)

where v is the Poisson’s coefficient.

(C) In addition, at r < b, this model gives [3, 4]:

r r
T = 2K, In(gj, O ¥ 2K{1+ In(gﬂ, 0, ®V(O,) + Tyn),  (6)

where K is the thermoelastic constant of metal .
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Note that a rigorous solution should be obtained by lacing equations (2), (5), and (6) [3].
Formulas (2)—(6) adequately explain the experiments concerning FR and EFR [5].

Fig. 5. Qualitative pattern of the change in residual stresses o, , along the microwire radius.
Curve o presents the initial state of these stresses in the metal strand and in the glass (in glass it
is shown by black color and a dashed line). In the metal strand, these stresses are always tensile,
i.e., positive [3, 4]. The residual stresses in the silicate glass always compress the glass envelope

(i.e., they are negative). Inside the plastic relaxation region, there is a section (near the strand
center) where the applicability of the continuum model is violated. Curve f is a hypothetic form
of residual stresses in the metal strand after removal of the glass envelope or disruption of its
bond with the metal strand. For example, qualitative results of the calculation of residual
stresses according to [6] (curve y) which are different from our data are shown.

The technological parameters used for estimation in (2)—(4) are as follows:

(i) T* is the solidification temperature of the composite in the metal/glass contact region
(T* ~ 800-1000 K), T is the room temperature; and ¢E, ~ 2 GPa is the maximum stress in the
metallic core.

(ii) Technological parameter k; is the ratio of Young's moduli of the glass and the metal:
k; ~0.3-0.6.
(iii) Technological parameter k; is the ratio of Young's moduli of the glass and the metal:
k; ~0.3-0.6.
(iv) Numerical calculation indicates that, for small x values, the o,(x) dependence is almost
linear and exhibits saturation at x = 10:

if x < 10, then 6;~ 2P >(or, 6o~ KX) ;
if x> 10, then 6,~ 3P >>o,, 6,~ P; @)
and P — (0.5-07) oo~ (1-2) GPa.
These estimations are used for processing the results for the samples considered below.
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5. Experimental Results

Figure 6 shows results of studying the dependence of anisotropy field Hx on annealing
temperature.
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Fig. 6. Universal dependence of the relative value for anisotropy field Hi/Hyo (where Hyo is
the initial anisotropy) on the heat treatment at relative temperatures T/T., (where T is
crystallization temperature of ~400°C): area 1 is the low annealing temperature region and
area 2 is the high annealing temperature region.

The table shows parameters (R, ~ 5 um) of the studied CoggMngB15Siip microwire samples.

CopgMneB15Sizo microwire sample parameters (R ~5 um)

X c, Gy » Or
Samples
X = Ry/Rm)* - 1. (MPa) (MPa)
a ~1 ~400 ~200
b ~2 ~700 ~300
c ~6 ~1000 ~400
d ~14 ~1200 ~410

Figure 7 shows experimental results on the dependence of magnetic anisotropy field Hy of
the studied samples on the treatment at low (area 1) and high (area 2) annealing temperatures T
(°C).
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Fig. 7. Dependence of anisotropy field Hy for the CossMngB15Si;o microwire samples (see

table) on the treatment at low (area 1) and high (area 2) annealing temperatures T (°C).
The annealing time was 30 min. Coercivity H. of the microwire samples was ~1 A/m.

The heat treatment results are different for the two temperature regions: (1) at a low
annealing temperature (up to 400°C) and (2) at an annealing temperature above 400°C.

At a low annealing temperature (up to 250°C), magnetic anisotropy Hyx monotonously
depends on heat treatment. A relaxation of pressure to areas A is assumed (see (2)—(4)).
Permeability is determined as follows:

A~ M/H, (8)

where M is the saturation magnetisation.

An increase in the annealing temperature to 250°C leads to an increase in permeability pa
and a decrease in magnetic anisotropy field Hy.

In an annealing temperature range of 250-400°C, the Hy values do not change (sample d)
or slightly increase (samples a, b, and ¢). Changes in hysteresis loops (increase in the H values to
20 A/m) were obtained for samples a and b in this temperature region.

The electrical resistivity properties of the microwires exhibit no signs of structural
transformations up to a temperature of 400°C (20 min).

After annealing at temperatures above 400°C, nonreversible changes in the structure lead
to a decrease in permeability pa and an increase in anisotropy field Hy.

X-ray studies show that nucleation of nanocrystallites (Co3B) begins in microwires heated
around 400°C. After annealing at a temperature of 450°C, the size of effective coherent scattering
regions was 5 nm. After annealing at a temperature of 500°C for 10 min, the microwire structure
comprises a mixture of a saturated cobalt phase (a = 0.3511 nm) and a CosB phase. The size of
effective coherent scattering regions of cubic-structure cobalt is up to 30-35 nm.
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6. Conclusions

The processes that lead to a change in the magnetic anisotropy at low annealing
temperatures (area / in Fig. 7) are associated with the homogenization of residual stress.

The processes that lead to a change in the magnetic anisotropy at high annealing
temperatures are associated with a short-range order structure relaxation (in metallic core from b
up to Rp).

Magnetoelastic anisotropy plays the most important role in the determination of the
magnetic properties of amorphous materials (one can see it from comparison of the calculated
stress values in Table 1 and initial Hy values in Fig. 7).

Satisfactory thermal processing occurs at a temperature of ~250°C.
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